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THE RENAL COLLECTING DUCT is the final segment of the renal tubule and its main function is to transport water and various solutes. The key extracellular signaling molecule is the peptide hormone arginine vasopressin. Vasopressin acts to regulate water permeability of the collecting duct by altering the trafficking of vesicles containing the water channel aquaporin-2 (AQP2) to and from the apical membrane of collecting duct and connecting tubule cells. To study vesicular trafficking of AQP2, many techniques, including immunogold labeling, fluorescence imaging, surface biotinylation, and differential centrifugation, have been used.
Differential centrifugation is a common technique in which different elements contained within a cell can be separated based on density. It is frequently used to enrich certain organelles that may be the focus of a particular study. Cells are initially homogenized and then the homogenate is centrifuged at a series of increasing speeds. Denser cellular components pellet more rapidly than less dense ones. The pellets obtained with successive spins are typically collected for biochemical analysis.
A method for investigation of AQP2 trafficking using differential centrifugation was introduced by Marples and colleagues (12) . In most papers that followed, the cell fraction obtained from a 17,000-g spin (17K) has been referred to as the "plasma membrane" fraction (for example, see Refs. 6, 7, 9, 10, 19) , while the fraction obtained from a 200,000-g spin (200K) has been called the "intracellular vesicle" fraction. Marples and colleagues demonstrated in rat kidneys that the ratio of AQP2 in the 17K pellet to that in the 200K pellet increased in response to exposure to the V2 receptor-selective vasopressin analog dDAVP (12) . This finding correlated with immuno-EM and other results showing translocation of AQP2 to the apical plasma membrane.
For this differential centrifugation approach to successfully measure AQP2 translocation, it must be assumed that the AQP2 in the 17K fraction is predominantly in plasma membrane and that the AQP2 in the 200K fraction is predominantly in intracellular vesicles. However, these fractions are likely to be heterogeneous. To investigate the composition of such fractions when differential centrifugation is applied to inner medullary collecting duct (IMCD) cells, we have now carried out large-scale LC-MS/MS-based proteomic profiling of all fractions from homogenized IMCDs.
MATERIALS AND METHODS

Animals.
Male pathogen-free Sprague-Dawley rats (Taconic Farms, Germantown, NY) were maintained on drinking water and ad libitum rat chow (NIH-07; Zeigler, Gardners, PA) in the Small Animal Facility, National Institutes of Health, Intramural Research Program. All experiments were conducted following the animal protocol H-0110 as approved by the Animal Care and Use Committee, National Heart, Lung, and Blood Institute.
Antibodies (listed by gene symbol). Rabbit polyclonal antibodies against AQP2 (8) , AQP2 phosphorylated at S264 (5), AQP2 phosphorylated at S269 (8), ATP1A1 (17), VAMP2 (15), STX4 (11), SCNN1B (13), SCNN1G (13) , and SLC14A2 (2) were generated in our laboratory. Phosphospecific antibodies targeting AQP2 phosphorylated at S256 (rabbit #1697) and S261 (rabbit #1028) were newly generated using appropriate phosphopeptide antigens (PhosphoSolutions, Aurora, CO). The rabbit polyclonal antibody against STX12 was newly prepared using a synthetic peptide (sequence: YRNPGRRSLRDFSSIIQTC) conjugated to keyhole limpet hemocyanin. All antibodies from our laboratory were affinity purified using the appropriate immunizing peptide. The commercial antibodies against RAB11 (610656), RALA (610221), CDH1 (610181), and GOLGA2 (610822) (16) were from BD Transduction Laboratories (San Jose, CA). The antibodies against RAB5 (sc-598), AKR1B1 (sc-17735), HSPA5 (sc-1050), and BRG1 (sc-17796) were from Santa Cruz Biotechnology (Santa Cruz, CA). The antibody against STX7 (110072) was from Synaptic Systems GmBH (Goettingen, Germany). The antibody against CANX (spa-860) was from Stressgen Bioreagents (Ann Arbor, MI). The antibody against IMMT was from Millipore (Charlottesville, VA). The species-specific secondary antibodies conjugated with fluorophores were obtained from Rockland Immunochemicals (Gilbertsville, PA).
IMCD cell suspension. IMCD cell suspensions were prepared as described previously (3) . Adult rats ranging from 200 -250 g were injected with furosemide (5 mg/rat, 30 min before euthanization), which dissipates the medullary osmotic gradient, thereby preventing osmotic shock to the cells upon isolation. The rats were decapitated and both inner medullas were dissected from the kidneys. Inner medullas were minced into cubes ϳ1 mm 3 in size and digested in isolation solution [2,000 U/ml hyaluronidase and 3 mg/ml collagenase B in sucrose buffer (250 mM sucrose, 10 mM Tris, pH 7.4)] for 90 min at 37°C. The resulting solution was centrifuged for 20 s at 60 g to separate the non-IMCD segments from IMCD cells. The cells were washed three times in sucrose buffer and spun as outlined above. Finally, the cells were resuspended in homogenization solution [sucrose buffer plus protease inhibitor cocktail (Complete Mini, Roche, Indianapolis, IN) and phosphatase inhibitors (Halt Phosphatase Inhibitor, Pierce, Rockford, IL)].
Homogenization and differential centrifugation. IMCD cells were homogenized following the protocol of Marples et al. (12) with slight modifications, since the Marples protocol dealt with whole IM tissue. Briefly, suspensions were homogenized for 10 slow strokes using a motor-driven Potter-Elvehjem homogenizer. The cells were then centrifuged at 1,000 g for 10 min to pellet nuclei and unbroken cells. The supernatant was collected for the next step. To increase protein yield, the pellet was rehomogenized in fresh buffer for another 10 strokes and respun as described above. The supernatants were further spun at 4,000 g, and the resulting supernatants were extracted and spun at 17,000 g (both spins at 4°C for 20 min). The supernatants from the 17,000-g spin were then spun in an ultracentrifuge at 200,000 g at 4°C for 1 h.
The pellets obtained from the 1,000-, 4,000-, 17,000-, and 200,000-g spins were suspended in 1ϫ Laemmli buffer (1.5% SDS, 50 mM Tris, pH 6.8) and labeled "1K," "4K," "17K," and "200K," respectively. The remaining cytosol from the 200,000-g spin was labeled "Sup" and concentrated using centrifugal filters with a cut-off of 10,000 Da (Microcon, Millipore, Billerica, MA) to achieve a concentration between 1-4 g/l in 1ϫ Laemmli buffer. The protein concentration of each fraction was determined using a BCA assay.
In-gel trypsin digestion. One-hundred micrograms of protein from each fraction were loaded into a 4 -15% gradient SDS-PAGE mini-gel (Bio-Rad Life Science, Hercules, CA) and electrophoresed at 200 V for 45 min. The gel was then washed in ultrapure water and stained with Coomassie blue (Imperial Protein Stain, Pierce). After being destained with water for 1 h, each lane was cut into 10 separate gel pieces which were then minced and transferred into 1.5-ml Eppendorf tubes. These gel pieces were destained, reduced, alkylated, and trypsin-digested using the same protocol as previously described (18) .
LC-MS/MS protein identification and analysis. Cell fractions were analyzed using mass spectrometry as outlined previously (21) . Peptides recovered from gel slices were injected into a reverse-phase liquid chromatographic (LC) column (PicoFritTM, Biobasic C18, New Objective, Woodburn, MA) for further separation, and then delivered into an LTQ tandem mass spectrometer (Thermo Electron, San Jose, CA) via electrospray. Spectra with ion currents larger than 10,000 were used to search for matching peptides by using Sequest with a concatenated RefSeq database. We used target-decoy analysis to set the false discovery rate to 2%. To assess relative protein abundance, we applied spectral counting normalized by molecular weight to correct for the higher probability of peptide identification in larger proteins.
Bioinformatics. Clustering of proteins according to normalized spectral counting was achieved using the Cluster program (4) . Protein groups that formed groups of interest were then analyzed for Gene Ontology Cell Components. Heat maps were generated using the TreeView program (4) .
Dot-blot analysis. Newly generated anti-pS256 and anti-pS261 AQP2 phospho-specific antibodies (used at 1:3,000 dilution) were tested by spotting 0.15 g of various synthetic, biotinylated AQP2 COOH-terminal peptides onto a nitrocellulose membrane and detected using a fluorescently conjugated goat anti-rabbit secondary antibody [see Supplemental Materials (the online version of this article contains supplemental data)]. Both antibodies recognized the appropriate phosphopeptide but not the nonphosphorylated peptide.
Immunoblotting. After solubilization in Laemmli's reagent, samples were loaded onto 4 -15% gradient polyacrylamide gels, resolved, and transferred onto a nitrocellulose membrane using electrophoresis. The membrane was blocked for 1 h using Odyssey Blocking Buffer (LI-COR, Lincoln, NE) and incubated overnight in primary antibody. Following a wash with 1ϫ PBS buffer containing 0.1% Tween, the membrane was bathed for an hour in appropriate secondary antibody. After another wash in PBS, bands were visualized using a LI-COR Odyssey Scanner and analyzed with Odyssey 2.1. All immunoblots were loaded to compare equal percentages of the total protein in the individual differential centrifugation fractions.
dDAVP treatment. For dDAVP treatment, IMCD pellets were washed in sucrose buffer as above, but the final solution was instead 290 mOsm bicarbonate buffer (in mM: 118 NaCl, 25 NaHCO3, 5 KCl, 4 Na2HPO4, 2 CaCl2, 1.2 MgSO4, 5.5 glucose) containing 1 nM dDAVP. Controls were identical except that dDAVP was not added. dDAVP-treated and control IMCD samples were incubated for 30 min. All experiments were performed in a pH-/temperature-controlled chamber with gentle mixing under an atmosphere of 95% air-5% CO 2 at 37°C. After incubation, the cells were pelleted and resuspended in homogenization solution.
RESULTS
Immunoblots of differential centrifugation fractions from rat IMCDs exposed to either dDAVP (1 nM) or vehicle for 30 min are shown in Fig. 1A . Figure 1A , left, shows that dDAVP increased AQP2 phosphorylation at Ser-256, a phosphorylation event already known to occur in response to vasopressin (16) , thereby confirming the effectiveness of the dDAVP. Figure 1A , middle, shows the effect of dDAVP on the AQP2 abundance in the 200K fraction. As previously shown (9), the AQP2 band density decreased in this fraction in response to agonist. Figure  1A , right, shows the effect of dDAVP on the AQP2 abundance in the 17K fraction. There was no significant change in this value, as demonstrated previously (9) . [These immunoblots in Fig. 1A , middle and right, used an AQP2 antibody (8) upstream from the polyphosphorylated region in the COOH terminus and therefore the band densities obtained would not be expected to be influenced by dDAVP-induced phosphorylation.] Thus, we confirmed the observation of Marples that vasopressin induces an increase in the 17K/200K ratio (Fig. 1B) , but also show in accord with the findings of Inoue et al. (9) that the change is largely due to a decrease in the AQP2 contained in the 200K fraction, at least in isolated IMCD suspensions. These experi-ments demonstrated that the IMCD cells in our suspensions were viable and responsive to dDAVP and that the differential centrifugation technique used successfully reproduced prior findings.
AQP2 is known to be phosphorylated at four sites in its COOH-terminal tail, Ser-256, Ser-261, Ser-264, and Ser-269 (8a). To determine which fractions from differential centrifugation contain AQP2 phosphorylated at each site, we carried out immunoblotting of all fractions using phospho-specific antibodies as well as an antibody that recognizes total AQP2 (Fig. 2) . All phosphorylated forms of AQP2 were identified in all membrane fractions (4K, 17K, and 200K), but not in the supernatant. As previously observed, the vasopressin analog dDAVP increased phosphorylation at Ser-256, Ser-264, and Ser-269, while decreasing phosphorylation at Ser-261 (8) .
To discover what structures are present in the 4K, 17K, and 200K membrane fractions and the supernatant fraction (cytosol), we carried out protein mass spectrometry using liquid chromatography combined with tandem mass spectrometry (LC-MS/MS). This analysis identified a total of 656 proteins, including 266 proteins in the 4K fraction, 243 proteins in the 17K fraction, 233 proteins in the 200K fraction, and 297 proteins in the supernatant (see Supplemental Table 1 ). (Note that some proteins were identified in multiple fractions.) Among the identified proteins, 189 were proteins not previously identified in the IMCD proteome. These newly identified proteins have been added to the "IMCD Proteome Database" (the updated version can be found at http://dir.nhlbi.nih.gov/ papers/lkem/imcd/). Table 1 reports normalized spectral counts for all proteins previously identified in AQP2-immunoisolated vesicles from IMCD (1) and also present in membrane fractions from this analysis. (We make no assumption that these proteins are exclusively present in intracellular vesicles.) Here, "normalized spectral counts" means the number of spectra identified for a given protein divided by the unmodified molecular weight calculated from the primary sequence. The table is divided into three groups based on the calculated ratio of normalized spectral counts in the 17K to the 200K fraction (last column). Focusing on the first group, i.e., proteins found disproportionately in the 17K fraction, several endosomal marker proteins are present, including Rab25 (recycling endosomes), Rab5b (early endosomes), and Rab5c (early endosomes). In addition, several proteins believed to be predominantly associated with the plasma membrane are included in this group, such as Na-K-ATPase subunits, integrin ␣2, integrin ␤1, annexin IV, and annexin V. The middle group, i.e., proteins present in both 17K and 200K fractions, include AQP2 and markers of a variety of structures, e.g., syntaxin 7 (late endosomes), Rab11a (recycling endosomes), Rab10 (Golgi apparatus), and calnexin (endoplasmic reticulum). In addition, it is not surprising that this group contains cytoskeletal proteins which could be attached to both plasma membrane and intracellular vesicles. The third group, i.e., proteins disproportionately present in the 200K fraction, includes ribosomal elements as well as the AP-1 and AP-2 clathrin adaptor complexes. From this, we conclude that many endosomal proteins, including recycling endosome proteins, are present in multiple fractions, not just the 200K fraction. In contrast, plasma membrane predominant proteins The large number of proteins identified in each fraction allows bioinformatic analysis to identify the structures enriched in each fraction. Figure 3 gives a synopsis. The central portion of this figure shows a heat map summarizing normalized spectral counts for every protein found in each fraction. Red represents high values and black represents low values. The proteins found are clustered according to the normalized spectral counts. Note that some proteins appear to be unique to a given fraction (bracketed). The pie charts on the left summarize the Gene Ontology Cell Component terms for these proteins, listing the 10 most frequent terms in each biochemical fraction. As seen for the 200K fraction, the 10 most frequent cell component terms include several protein complexes, namely "ribosome," "proteasome complex," "spliceosome," and "ribonucleoprotein complex." Although not explicitly listed in the pie chart, proteins present in other complexes could be culled from the overall 200K list, namely "T-complex protein 1," "coatomer protein complex," "actin-related protein 2/3 complex," and "adaptor protein complexes 1 and 2." Note that as discussed above, endosomes are not included in this pie chart because they are not unique to the 200K fraction. As seen for the 17K fraction (Fig. 3, bottom) , the 10 most frequent cell component terms include "membrane," "integral to membrane," "plasma membrane," and "endoplasmic reticulum." As seen for the 4K fraction, the 10 most frequent cell component terms include "mitochondrion," "membrane," "nucleus," and "endoplasmic reticulum." For the supernatant fraction, the 10 most frequent cell component terms include "cytoplasm," "nucleus," "cytosol," and "membrane." Figure 3 , right, also shows the distribution of selected marker proteins, culled from the comprehensive heat map in the middle of the figure. Note that the 17K fraction includes not only plasma membrane proteins, but also marker proteins from endosomes, lysosomes, Golgi, endoplasmic reticulum, and mitochondria. Thus, we conclude that reference to the 17K fraction as the "plasma membrane fraction" is inaccurate. Although plasma membrane proteins are clearly enriched in this fraction, a very large part of this fraction is derived from other structures, probably well more than half of the total protein (see DISCUSSION) . Figure 4 shows immunoblotting for 19 marker proteins in all of the fractions. In general, the immunoblotting confirmed the high heterogeneity of each membrane fraction. Note that the loading of these immunoblots was by equal volume rather than equal protein, and therefore cannot be compared quantitatively with the data in Table 1 .
DISCUSSION
A major objective of these studies was to expand the known proteome of the native IMCD in rat. Prefractionation by differential centrifugation provides a means of "decreasing the complexity" of samples delivered to the LC-MS/MS system, thereby allowing less abundant proteins to be identified. In this study, we identified 266 proteins in the 4K fraction, 243 proteins in the 17K fraction, 233 proteins in the 200K fraction, and 297 proteins in the 200K supernatant (cytosolic fraction), giving a total of 656 identifications. Note that target-decoy analysis was used to limit the false discovery rate to less than 2%. Among the proteins identified were 189 new proteins, which have been added to the existing IMCD Proteome Database (http://dir.nhlbi.nih.gov/papers/lkem/imcd/). This database now contains 4,685 proteins, more than half of the number of mRNA transcripts detectable in the IMCD in Affymetrix array studies (IMCD Transcriptome Database, http:// dir.nhlbi.nih.gov/papers/lkem/imcdtr/) (20) .
A second objective of this work was to evaluate the utility of a technique that has been used in many papers to investigate trafficking of the AQP2 water channel (6, 7, 9, 10, 12, 19) . Typically, in such studies, the ratio of the AQP2 in the 17K fraction to that in the 200K has been used to assess the distribution of AQP2 between intracellular vesicles (represented by the 200K fraction) and plasma membrane (represented by the 17K fraction). Preliminary studies demonstrated that dDAVP exposure in IMCD causes results in the 17K/200K ratio for AQP2 to increase. As we previously demonstrated (9) , this change results chiefly from a fall of AQP2 abundance in the 200K fraction (Fig. 1) . The present proteomic study allows us to evaluate the assumptions of this approach from the point of view of the proteins in each fraction. Since many of the identified proteins are considered markers for specific or- Based on our proteomic analysis, it appears that the 17K and the 200K membrane fractions are both very heterogeneous. The 17K fraction did contain many proteins that are believed to be present predominantly in the plasma membrane (e.g., MAL2, the UT-A1/3 urea transporter, and integrins). However, this fraction appears to contain proteins characteristic of endoplasmic reticulum, Golgi, lysosomes, mitochondria, and endosomes as well. Among the endosomal markers found in the 17K fraction were Rab25, Rab5b, Rab5c, and syntaxin-7. Calculation of normalized spectral counts for plasma membrane-predominant proteins vs. all proteins in the 17K fraction indicated that plasma membrane proteins account for well less than 50% of the total (see calculation in Supplemental Materials). This is probably one of the reasons why the reduction of AQP2 in the 200K fraction in response to vasopressin was not matched by an increase in the 17K fraction, as an increase of AQP2 in the plasma membrane may be obscured by the presence of proteins from many non-plasma membrane structures. For example, since recycling endosomes (Rab11-and Rab25-containing endosomes), which are thought to represent storage vesicles for AQP2 (14) , are present in the 17K fraction, an increase in AQP2 in plasma membrane could be "cancelled out" by a corresponding decrease in the AQP2 in recycling endosomes.
Proteomic analysis of the 200K fraction was similarly informative. A large amount of the total protein in this fraction appears to be representative of various multiprotein complexes including ribosomes, proteasomes, ribonucleoprotein complexes, the coatomer complex, the actin-related protein 2/3 complex, and clathrin adaptor protein complexes 1 and 2 (AP-1 and -2). At the same time, endosomes are clearly represented as indicated by the presence of endosomal marker proteins such as syntaxin-7, vesicle-associated membrane protein 3, and Rab11a. Furthermore, proteins that we expect to be present predominantly in plasma membrane are not abundant in this fraction (Ͻ2% of total protein, see Supplemental Materials for calculation). Furthermore, Ser-269-phosphorylated AQP2 was also found in this fraction. Previous studies demonstrated that this phospho form of AQP2 is confined to the apical plasma membrane (8) . In addition, significant numbers of marker proteins for endoplasmic reticulum and Golgi apparatus were identified in the 200K fraction. We conclude that the reduction in AQP2 in the 200K fraction seen in Fig. 1 is compatible with endosomal trafficking and fusion with plasma membranes in response to vasopressin. However, it is possible that a change in the amount of AQP2 in endoplasmic reticulum and/or Golgi could contribute to changes seen in the 200K fraction. A reduction in AQP2 in this fraction, therefore, could be seen with an acute reduction in AQP2 transcription.
Overall, based on these results, we recommend a change in the use of differential centrifugation in assessment of AQP2 trafficking. Since plasma membranes make up such a small fraction of the 17K membrane pellet, analysis of this fraction provides no information about the amount of AQP2 in plasma membranes. Therefore, such a measurement lacks utility. However, the analysis of the 200K pellet is of potential value, since much of the AQP2 is associated with endosomes. For AQP2 trafficking, we therefore recommend the analysis of the AQP2 content in the 200K pellet in combination with normalization using the total homogenate. Fig. 3 . Summary of proteomic data. Middle: heat map of the spectral counts of proteins identified by mass spectrometry. After being normalized by molecular weight, data were clustered and colors were generated using Cluster and TreeView programs (4) . Brighter red represents a higher normalized spectral count. Left: pie graphs of the top 10 cell components unique to each fraction. Right: blown up heat maps for selected marker proteins, listed by gene name: vesicle-associated membrane protein-3 (VAMP3), aldehyde reductase-1 (AKR1B1), early endosome antigen-1 (EEA1), syntaxin-7 (STX7), alpha and beta subunits of the Na/K pump (ATP1A1 and ATP1B1), macrogolgin-1 (GOLGB1), mitofilin (IMMT), lysosome-associated membrane protein-1 (LAMP1), ATP synthase (ATP5F1), golgi apparatus protein-1 (GLG1), AQP4, vesicle-associated membrane protein-7 (VAMP7), urea transporter UT-A1 (SLC14A2), ribophorins-II and -I (RPN2 and RPN1), calnexin (CANX), and AQP2. Associated cell component is listed in parenthesis. Fig. 4 . Immunoblotting of marker proteins. Immunoblots of marker proteins, listed by gene name and grouped by cell component: AKR1B1, VAMP2, RAS oncogene family member-5a (RAB5), RAS oncogene family member-11a (RAB11), STX7, STX12, v-ral simian leukemia viral oncogene homolog A (RALA), AQP2, E-cadherin (CDH1), Na-K-ATPase (ATP1A1), SLC14A2, STX4, epithelial sodium channel beta and gamma subunits (SCNN1B and SCNN1G), heat shock protein-5 (HSPA5), CANX, cis-Golgi matrix protein-130 (GOLGA2), IMMT, and brahma-related gene protein-1 (BRG1).
